Lectins, a class of sugar-binding proteins without enzymatic activity toward the bound sugar, are ubiquitous in nature and have been found in viruses, bacteria, plants, and animals. The most extensively studied class of lectins is undoubtedly the legume lectin class, found in the seeds of the legume plants (1) . At present, the crystal structures of 10 different legume lectins have been solved and refined: pea lectin (2), lentil lectin (3), Lathyrus ochrus isolectins I (4) and II (5) , Griffonia simplicifolia lectin IV (GS4) 1 (6) , Erythrina corallodendron lectin (EcorL) (7) , concanavalin A (8), peanut agglutinin (9), soybean agglutinin (10) , and recently phytohemagglutinin-L (11) . Despite the abundance of structural and biochemical information, the precise function of the legume lectins in the plant is still the subject of much debate. The two most likely functions are protection against predators (12) and interaction with the Rhizobium symbionts responsible for nitrogen fixation (13) . In the seeds of the common bean, Phaseolus vulgaris, two lectins are found, called phytohemagglutinin-L (PHA-L) and phytohemagglutinin-E. The crystal structure of the former has recently been determined at a resolution of 2.8 Å (11). In addition, two polypeptides with highly related amino acid sequences are present in the seeds, namely arcelin and ␣-amylase inhibitor.
In these so-called lectin-like proteins, respectively one and two loops essential for the sugar-binding capabilities of the legume lectins are deleted. The ␣-amylase inhibitor inhibits ␣-amylases of mammalian and insect origin but does not inhibit plant ␣-amylases. Arcelin is only present in a few wild accessions of the common bean and exists in six electrophoretic variants. The phytohemagglutinins, the ␣-amylase inhibitor, and arcelin are defense proteins that protect the bean against predators (12) , although the precise mechanism behind the toxicity of arcelin is as yet unknown. The four proteins are encoded by four tightly linked genes, and it is likely that these originate from a common ancestral gene through duplication. Arcelin-5 (15) has been reported to consist of a mixture of two major protein fractions, termed arcelin-5a (Arc5a, 32.2 kDa) and arcelin-5b (Arc5b, 31.5 kDa), and a third, minor fraction, termed arcelin-5c (Arc5c, 30.8 kDa). Arc5b and Arc5a contain one and two glycans, respectively, while Arc5c is not glycosylated. Two different arcelin-5 cDNA sequences were reported (15), called arc5-I and arc5-II. They encode two polypeptides of 240 amino acids (26.8 and 27.0 kDa) with a high identity (96.9%, a difference of 8 residues in the N-terminal part of the chain). The arc5-I-encoded protein contains three potential glycosylation sites, while the arc5-II encoded protein contains only two. Arc5a and Arc5b are encoded by arc5-I and arc5-II, respectively, while Arc5c could be encoded by arc5-II or by a third copy of the arc5 gene with a much lower rate of expression. Arcelins are thought to provide resistance against the bean bruchid pest Zabrotus subfasciatus (16) . Among the arcelin variants, Arc1 and Arc5 appear to be the most promising in conferring insect resistance (33) . Here we present the crystal structure of arcelin-5 solved at a resolution of 2.7 Å.
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-Arcelin-5 was purified from seeds of the wild Phaseolus vulgaris (strain G02771) by chromatofocusing as described in Ref. 15 . Protein solutions were made starting from the lyophilized protein. Suitable crystallization conditions were screened using the hanging drop vapor diffusion method: 5 l of aqueous protein solution (varying between 5 and 10 mg/ml) was mixed with 5 l of various bottom solutions and equilibrated against 0.5 ml of pure bottom solution. Small, needle-like crystals were obtained with a bottom solution consisting of 20% (w/v) PEG 4000 (Hampton Research), 0.2 M (NH 4 ) 2 SO 4 , sodium acetate buffer, pH 4.5, in combination with a 5.0 mg/ml aqueous protein solution, incubated at room temperature. To obtain crystals suitable for data collection, the microseeding technique was used. A 10-l drop containing many needle-like crystals was homogenized by vortexing, and a range of dilutions between 10 Ϫ1 and 10
Ϫ8
in undiluted bottom solution was made. One l of these dilutions was subsequently added to the 10-l drops with the aforementioned composition prior to equilibration. This resulted in a number of thin, plateshaped crystals. The best results were obtained using the 10 7 -fold dilution. One of the thus obtained crystals was transferred to a glass capillary and used for data collection. This was done on an EnraffNonius FAST area detector, using copper K␣ radiation generated by a rotating anode x-ray generator, operated at 40 kV and 90 mA. Autoindexing was done with the MADNESS software packet (17) . The crystal was monoclinic and belonged to space group P2 1 . The data were subdivided in bins of 3°and scaled and merged with the CCP4 programs ROTAVATA and AGROVATA (18) . The relevant data collection details are given in Table I .
Structure Solution and Refinement-The structure of Arc5 was solved using molecular replacement with the program AMORE (19) . The coordinates of PHA-L (11) were used as a model after removal of sugar, water, and metal atoms. PHA-L is a tetramer consisting of two canonical legume lectin dimers. Since Arc5 has been reported to be a dimer in solution (15) and the identity between Arc5 and PHA-L is high (55%), molecular replacement was first attempted, however unsuccessfully, with a complete PHA-L canonical dimer. Conversely, two clear solutions were found using the PHA-L monomer as a model. Application of the found solutions to the model and visual inspection showed reasonable crystal packing contacts and the absence of significant sterical clashes.
Since Arc5 is highly homologous to the legume lectins, the Arc5 sequence was submitted to the Swiss-Model service (20) for automated comparative modeling. This model was used for further refinement. During the refinement the PHA-L structure was often used to clarify pieces of the structure where the density was hard to interpret.
The refinement was done with the program X-PLOR (version 3.1) (21) on a Cray J916/8 -1024 supercomputer. Positional refinement was done with the simulated annealing protocol (SA) (4000 K, t ϭ 0.01 ps). In order not to overfit the structure in the early stage of the refinement, the grouped B factor refinement protocol (one B factor for side chain atoms and one B factor for main chain atoms per residue) was used in the first four refinement cycles. After cycle 4, individual B factor refinement was applied, since the difference in free R factor between grouped and individual B factor refinement clearly justified this (free R factor ϭ 32.0%, R factor ϭ 24.7% for the grouped B factor refinement; free R factor ϭ 31.0%, R factor ϭ 23.6% for the individual B factor refinement). In accordance with the currently accepted refinement protocols (14) , restrained noncrystallographic symmetry (weight ϭ 300.0 kcal mol
2 ) was applied between the two monomers in the asymmetric unit. During the refinement, SA omit maps were extensively used to clarify parts of the structure with difficult to interpret electron densities. Model visualization and building were done using the program O (version 5.10.2) (35) on a Silicon Graphics INDIGO 2 XZ workstation. The stereochemistry of the structure was monitored throughout the refinement with the program PROCHECK (22) . Further details about the structure are given in Table II. The coordinates of GS4, EcorL, and PHA-L, used for comparison with Arc5, are present in the Brookhaven Protein Data Bank under entries 1LEC, 1LTE, and 1FAT, respectively. Hydrogen atoms on the sugar residues, necessary for the determination of the torsion angles, were generated with X-PLOR. Hydrogen bonds were determined with the program HBPLUS (23) . The figures were made with the programs MOLSCRIPT (32) and O (35) .
Gel Filtration-The molecular mass of the native arcelin-5 protein was determined by gel filtration through a Superdex 200 HR (Pharmacia Biotech Inc.) fast protein liquid chromatography column (1.0 ϫ 30 cm) with a flow rate of 0.8 ml/min. Phosphate-buffered saline (0.14 M NaCl, 3 mM KCl, 50 mM Na 2 HPO 4 , 10 mM KH 2 PO 4 , pH 7.2) or acetate buffer (50 mM CH 3 COONa, pH 4.5) was used as the equilibration and elution buffer. A gel filtration standard (Bio-Rad) with molecular weight markers ranging from 1.35 to 670 kDa was used.
RESULTS AND DISCUSSION
Overall Structure-The R factor of the final structure for all 16,722 reflections between 2.7 and 10.0 Å is 20.6%, and the free R factor is 27.1%. The overall quality of the electron density is quite high.
In the final cycles of the refinement it became clear that the conformation of the residues between Val 36 and Pro 42 differed between the two monomers in the asymmetric unit, due to different crystal contacts. The two regions were manually rebuilt and were not subjected to NCS during the final refinement cycles. This region in the first monomer is the only region in the structure that displays comparatively weak electron density. Nevertheless, all residues could properly be built into the structure. Because of the low resolution (2.7 Å), no waters were added to the structure during the refinement.
The overall structure of Arc5 is similar to the structures of the other solved legume lectin structures and consists of a flat six-strand ␤-sheet, called the back sheet, packed against a curved seven-strand ␤-sheet, called the front sheet (see Fig. 1 ). Since NCS was used during the refinement, the two Arc5 monomers are virtually identical, with the exception of the region between Val 36 and Pro 42 , due to crystal packing contacts. The structure contains 228 of the 240 amino acids of the mature protein: no electron density is observed for the terminal 12 amino acids. This can be due to C-terminal truncation or dynamic disorder of the C-terminal stretch in the crystal.
Interpretable electron density for both monomers in the asymmetric unit was present for the glycan attached to Asn 22 , which consists of two GlcNAc and one Fuc residue (for further details, see below). A fourth sugar residue displayed only weak electron density and was subsequently not built into the model. Arc5 consists of two polypeptides with slightly different amino acid sequences; 8 of the 240 residues differ between the two sequences. Since a glycan attached to Asn 22 could be refined at full occupancy with low B factors in both monomers present in the asymmetric unit, and given the fact that only the polypeptide encoded by the arc5-I gene contains a potential glycosylation site at position 22, we can safely conclude that the crystal mainly consists of Arc5a. Hence, the arc5-I-encoded sequence was used to build the structure. ) and the N-terminal ␤-strand (see Fig. 2 ). Most notable is the deletion of eight residues in the metal binding loop (Phe 127 -Arg 130 ), as described in detail below.
The Arc5 monomer contains one disulfide bridge, between residues 146 and 182. These two residues link the sixth strand of the flat front sheet and the seventh strand of the curved back sheet.
The Quaternary Structure of Arc5-Although Arc5 has been reported to be a dimer in solution (15), the here described crystal structure of Arc5 suggested that it crystallized as a monomer; no symmetric dimer is present in the crystal. The contact surfaces between the possible dimers in the crystal are of comparable size, and all of them resemble typical crystal packing contact surfaces. Gel filtration indicated that arcelin-5 can exist both as a monomer or as a multimer, eluting at positions corresponding with a molecular mass of 25 or 77 kDa, respectively. The sample used for crystallization consisted of purified protein that had first been lyophilized and then resuspended in water. In this sample only the monomer form was present. This was also the case when the lyophilized protein was resuspended in phosphate-buffered saline or in acetate buffer. In a crude extract (partially purified albumins (15) ) and in a purified fraction that had never been lyophilized before, the protein existed as a mixture of monomers and multimers.
The range of quaternary structures of the legume lectin family is extremely broad, despite the similarity of the monomers; at present three types of tetramers are known (concanavalin A, peanut agglutinin, and PHA-L/soybean agglutinin) and three types of dimers (EcorL, GS4, and the group of canonical dimers, e.g. lentil lectin). The monomeric Arc5 struc- ture brings the number of known quaternary structures to seven.
The presence of glycans has been invoked to explain the different quaternary structures of GS4 (6) and EcorL (7). In any case, the positions of the three potential glycosylation sites do not exclude the possibility of canonical dimer formation in Arc5.
Different arcelins have been reported to have different quaternary structures; arcelin-1d and arcelin-2 have been reported to be dimers, while arcelin-1t, arcelin-3, and arcelin-4 have been reported to be tetramers (34) . The two canonical lectin dimers in the PHA-L structure pack together via intercalation of the side chains of the two top ␤-strands of the flat back sheet. This intercalation is possible because the side chains of the residues involved are small (one central Ile and two flanking Ser residues). In Arc5, PHA-L-like packing would be impossible, because one of the two Ser residues present in the PHA-L dimer-dimer interface (Ser 186 ) has been replaced by Lys 181 . Strikingly, all of the known sequences of the arcelins reported to be dimers possess this Lys residue (arcelin-5, -2, and -1, assuming that the reported sequence of arcelin-1 (16) is the sequence of arcelin-1d), while in the sequence of arcelin-4, which has been reported to be a tetramer, this Lys residue has been replaced by an Ala residue. In addition, the arcelin-1 and -2 sequences also possess a His residue in the position of the Ile residue in PHA-L.
The Glycan Attached to Asn 22 (15) .
Interpretable density was only observed for the glycan attached to Asn 22 (see Fig. 3 ). Asn 22 is located in the loop that connects the first ␤-strand of the front sheet and the second strand of the front sheet. As mentioned before, the fact that the glycan can be refined with full occupancy indicates that mainly the arc5-I-encoded protein is present in the crystal, since the arc5-II-encoded sequence does not possess this glycosylation site. Since Arc5a contains two glycans, the other glycan has to be invisible due to its inherent flexibility. No electron density whatsoever is found for the two other potential glycosylation sites, so it is impossible to say where the other glycan is attached.
Of the glycans attached to Asn 22 , only the three core residues were sufficiently visible. The electron density of these three visible sugar residues (GlcNAc␤134(Fuc␣133)GlcNAc) indicate that the glycan is of the fucosylated, complex type. The Fuc residue bound ␣133 to the N-linked GlcNAc residue is exclusively found in plant N-glycans. The same sugar type is also present in the GS4 (6) and EcorL (7) structures. In the former structure, only the same three core residues as in the Arc5 structure are visible, while in the latter structure a further four residues could be built in (Man␣136(Man␣133)(Xyl␤132)-Man attached by a ␤134 bond to the GlcNAc residue of the core), because the flexibility of the glycan was hampered by fortunate crystal packing interactions. In Arc5, the two GlcNAc residues of the glycan make four hydrogen bonds with three protein residues (Asn 22 , Arg 43 , and Lys
101
). No protein-sugar interactions are present for the Fuc residue. The glycan makes five internal hydrogen bonds. The three sugar residues are in the expected 4 C 1 conformation. Manual superposition of the GlcNAc␤134(Fuc␣133)GlcNAc core, which the glycans from GS4, EcorL, and Arc5 have in common, revealed that the conformations of the GS4 and the EcoRL cores are virtually identical, while the conformation of the Arc5 core differs somewhat from them.
Bouwstra et al. (24) studied the conformational characteristics in solution of the glycan attached to bromelain, a proteolytic enzyme from pineapple stem, with 1 H and 13 C NMR. The studied glycan resembles the EcorL glycan; only the ␣133-bound Man residue is absent. The and torsion angles for both glycosidic bonds of the three-residue core, which the glycans from Arc5, GS4, EcorL, and bromelain have in common, are shown in Table III . The and torsion angles are defined as (C1-O-Cx-Hx) and (H1-C1-O-Cx), respectively, where x ϭ 3 for Fuc␣133GlcNAc and x ϭ 4 for GlcNAc␤134GlcNAc. The difference between the Arc5 glycan and the other glycans lies mainly in the conformation of the Fuc␣133GlcNAc glycosidic bond.
The fact that only the core GlcNAc␤134(Fuc␣133)GlcNAc moiety is observed in both Arc5 and GS4 may be due to the inherent rigidity of this moiety. Imberty et al. (25, 26 ) studied the conformations of the different disaccharides present in glycans using molecular modeling and energy calculations. For each disaccharide, a conformational energy map in function of the and values was calculated. For the GlcNAc␤134GlcNAc disaccharide, six low energy conformations were found (A1-A6) (25) . Plotting the / pairs of Arc5, GS4, EcorL, and bromelain on the energy map reveals that the four conformations cluster closely around the reported A1 energy minimum. For the Fuc␣133GlcNAc disaccharide, only three energy minima were found L1-L3 (26) . In general, this disaccharide is conformationally more restricted then the GlcNAc␤134GlcNAc disaccharide. Again the / pairs of the four glycans cluster around a reported energy minimum (L1). It can be concluded that the results about the GlcNAc␤134-(Fuc␣133)GlcNAc conformation obtained from NMR measurements in solution, molecular modeling, and x-ray crystallography are in close agreement with each other.
The Truncated Metal Binding Site-One of the common features of the legume lectin family is the presence of a metal binding site, in which two metal ions are bound (one Ca 2ϩ ion and one transition metal ion, usually treated in the x-ray structures as Mn cis-Peptide bonds are quite rare; in Stewart et al. (28) , only 0.36% of all of the peptide bonds in the set of proteins studied were found to be cis. Interestingly, Tyr is the residue most often involved in X-Pro cis-peptide bonds; 19 of the 76 (25.0%) TyrPro bonds studied in (28) are cis, followed by Ser-Pro (11.0%) and Phe-Pro (9.6%). Non-X-Pro cis-peptide bonds are even rarer; only 0.05% were found to be cis. These rare non-X-Pro cis-peptide bonds are often involved in catalysis or play some other important functional role (29) . As far as we know, this is the first report of an Ala-Tyr cis-peptide bond.
At present, the mechanism behind the toxicity of the arcelins toward insects remains obscure. The fact that the Ala 84 -Tyr from P. vulgaris and a fifth arcelin-like protein from Phaseolus acutifolius (27) ) the Ala residue followed by an aromatic residue (Phe in the case of Arc4; Tyr in the four other cases) is found. Concanavalin B (ConB), a seed protein from Canavalia ensiformis, and hevamine, a chitinase from Hevea brasiliensis, show an interesting and striking analogy to the situation of Arc5 and the legume lectins. Despite a high sequence identity (40%), hevamine is active as a chitinase, while ConB appears to lack any enzymatic activity, due to the replacement of a catalytic Glu residue by a Gln residue and the partial deletion of the substrate binding region (30) . Yet ConB still possesses two non-proline cis-peptide bonds (Ser 34 -Phe 35 and Trp 265 -Asn 266 ) that are a conserved feature of this family of chitinases. In hevamine, the residues equivalent to Phe 35 and Trp 265 in ConB (Phe 32 and Trp 255 ) are part of a hydrophobic cluster that is involved in substrate binding. It has therefore been suggested that these cis-peptide bonds play a role in some unknown function of the ConB protein (30) .
CONCLUSIONS
The structure of arcelin-5, a defense protein from P. vulgaris related to the legume lectin class, has been solved at a resolution of 2.7 Å. Arc5 crystallized as a monomer whose structure is similar to the structure of the legume lectin monomers, although the metal binding loop is deleted. One of the most striking features of this structure is the conservation of a cis-peptide bond that is found in all of the legume lectins, despite the absence of a major portion of the metal binding site that stabilizes this bond in the legume lectins. While this cis-peptide bond is always between an Ala and an Asp residue in the legume lectins, the Asp residue has been replaced by a Tyr residue in Arc5. Inspection of the five available arcelin sequences revealed that they all possess an Ala residue followed by an aromatic residue (Tyr or Phe). Given the fact that only 0.05% of all non X-Pro peptide bonds are cis (28) and that these cis-peptide bonds often fulfill some functional role (29) , the conservation of this feature suggests that it could be involved in the (unknown) mode of action of the protein. We hope that the availability of this structure will stimulate further research on the precise mechanism behind the toxicity toward insects of this interesting protein.
